INTRODUCTION
High power RF breakdown of neutral gases is a common laboratory plasma production technique. The potential for enhancing the ionization of the middle atmosphere and the lower ionosphere by using similar techniques was recognized as early as 1937. Bailey [1937 Bailey [ , 1938 suggested that injection of RF power in the ionosphere from ground-based transmitters operating in the 1.3 -1.4 MHz frequency range can increase the plasma density of the ionospheric D region to the extent for VHF-UHF frequencies, using a kinetic description of the electron energization process. Most of the work utilized analytic approximations which give valid results only when the details of the resonant structure of the inelastic processes associated with the molecular composition of the ambient gas are not critical. The most comprehensive analysis of the air breakdown problem was given by Kroll and Watson [1972] in a paper remarkable for its physical insight. The particular study emphasized parameters relevant to high-density (i.e., in the range of standard atmospheric pressure) breakdown by lasers pulses. Although important scaling laws applicable to upper atmospheric and ionospheric densities are present, it is rather difficult to extrapolate the results to the range of interest here. Furthermore, the computations were restricted to steady state solutions, ignored molecular dissociation, and emphasized ionization near the breakdown threshold.
The purpose of this paper is to present a comprehensive local analysis of the physics of ionization of the ionospheric D region caused by injection of RF waves from ground-based transmitters. The analysis relies on a kinetic description of the electron energization by RF waves given by the solution of a time-dependent Fokker-Planck (FP) code. The inelastic interaction of the electrons with the molecular gas is treated in the code by a multiple time scale technique. The details of the numerical scheme can be found in Short et al. [1990] .
An important ingredient of the study is the use of the most up-to-date set of cross sections. The output of the study is a comprehensive model of the local ionization rate as a function of the RF frequency and local power density, and the neutral gas density and constitution. The study provides the necessary input to realistic multidimensional models of D region ionization which include self absorption of the RF fields coupled to the dynamic increase of the plasma density and energy. The latter study is in progress and its results will be reported in a future publication.
In the following sections, we discuss the RF ionization process in detail. The basic physics of the electron energization by RF waves and the resultant ionization in the ionospheric D region are treated in section 2. The discussion includes elucidation of the energy dependence of the dominant elastic and inelastic processes in the molecular ionospheric gas, resultant regions of self-similar solutions and a qualitative analysis of the physics of particle sources and losses. Important dimensionless parameters are also introduced. solutions of (la) for various RF frequencies, power densities, and altitudes. It is, however, instructive to discuss first the basic physics concepts related to (la), which illuminate the understanding of the numerical results, the underlying scaling laws, and the generalization to other situations. The first term of (la) represents the collisional electron energization rate. It can be decomposed into two terms. The first is the rate at which the average particle energy <e> increases and is given by 
where N is the neutral particle density per cm 3. 
From (9) and (10) we find that the quiver energy required to overcome the vibrational barrier completely
In the absence of the quadratic energy scattering term given by (5), power densities below the ones given by (11) cannot accelerate any electrons to ionization energies. The energization described by (5) is diffusive and allows electrons to reach ionization energies even in the presence of large losses or equivalently for power densities much lower than •. The electron motion along the energy axis is made up of random energy jumps of finite magnitude and has a stochastic character. As a result a fraction of the electron flux has a finite probability to accelerate past the 3-eV barrier and thus form a high-energy tail. Notice that (1) molecules. However, the diffusive nature of the electron energization process allows for the formation of a suprathermal electron energy tail with energy higher than 3 eV. This electron tail can cause ionization and breakdown even for g < •x, depending on the appropriate particle loss processes. It is, however, important to notice that for •/•x • 1 the ionization process will be extremely inefficient, i.e., the energy per ionelectron pair will be tens or hundreds of times the ionization energy and most of the HF energy will end up in vibrational excitation of Ne and its by products [Perkins and Robie, 1978] .
IONIZATION RATES FOR HIGH-FREQUENCY RF (• > v•,)
We present next a set results derived by numerically solving the time-dependent (la) including all the energy and particle loss terms [Short et At this point we should note that using (8) for v," the value of •ra at 6.7 eV and the fact that 02 is 20% of N2 we find that for • = 0.4 eV, 1% of the electrons are in the attachment resonance (i.e., about 6.7 eV). These facts will be used later on in our analysis. An important quantity related to the efficiency of ionization is shown in Figure 4d Before closing this section we shotfid remark that the validity of (la) deteriorates as • increases. Therefore care should be exercised in using the results of the high quiver energy (• > 5 -6 eV) regime. However, on physical grounds and on the basis of the analytic models discussed later we are confident of their validity up to • • 8-10 eV energy, but always • < I where I is the ionization potential of the gas.
ELECTRON DISTRIBTUION FUNCTION: SELF-SIMILAR CONSIDERATIONS
Before discussing the analytic models that can account for the ionization rates shown in Figure 4 , it is instructive to examine the temporal evolution of the distribution function F(e, 0 for various values of •. We reiterate here that F(e, t) is normalized according to (lb) which could be different than the normalization used in other breakdown analysis such as Kroll and Watson [1972] . This normalization was selected because it allows for a higher computational efficiency and clearly illustrates the runaway characteristics of the electron distribution function. To recover the standard definition which is based on f f(•, t)de = n(t) where e is in units of electron volts. From (4) - (7) and (23) we will not cross the exitation bands to reach 20-25 eV energy or that will be reflected to low energies after reaching ionizing energies by inelastic processes other than ionization. We thus express the multiplication rate 7 as
To c'alculate the probability p(•), we examine the dominant barriers to electron energizafion. They are best revealed by looking at the energy loss function versus energy or equivalently the cooling rate versus energy. This is shown in Figure  7 . Notice that there are basically two energy barriers. The first is the N2 vibrational barrier discussed in section 3. It extends from 1.5 to 3 eV. As can be seen from Figure 7 inelastic losses are much smaller than the vibrational losses in the range 3 -8 e V and thus can be ignored. A second barrier appears in the range between 10 and 20 eV, and it is predominantly due to optical emissions and dissociation. At about 25 eV the dominant inelastic process is ionization.
We can write the probability p(•) as 
We can, further, notice that the above analysis clarifies the results shown in Figure 4d concerning ionization efficiency. Namely, the presence of the asymptotic minimum value E• for • > 2 -3 eV is connected with the fact that for these values of quiver energy the value of p(F) given by (34) approaches its asymptotic value so that a small fraction of the RF energy is spent on vibrational excitation.
As noted in section 3, (12) describes the results for co/vm = 3, 9, while the ionization rate is by a factor of 2 smaller for co/vm = 1 (Figures 4a and 4b) . This difference can be attributed to the fact that we approximated 2~ instead of using the form given by (2) analysis. For the realistic nonlocal case, self-absorption of the RF power becomes a controlling factor of the ionization process. In this case the rate equations, using the formulae derived here, should be solved simultaneously with the RF propagation equation. This work will be published elsewhere.
SUMMARY AND CONCLUSIONS
A detailed computational study of ionospheric breakdown by a ground-based RF facilities was presented. The study of the electron energizafion in the absence of losses and in the presence of only rotational and vibrational losses revealed various self-similar features of the ionization process that allowed us to provide a quantitative description of the ionization by using a minimum number of parameters. (1) for e < 3 eV, Fo(e) •-. const; (2) for 3 eV < e < 20 eV, o(0 ~ and (3) for > 20 ½V, ro() ~ While at the boundary between the last two regimes the electron flux is continuous, this is not the case for the boundary between the first two. The reason for this is the presence of a strong barrier to the electron energizafion between 2 and 3 eV due to inelastic collisions with N2 resulting in vibrational excitation. The presence of the inelastic losses can be described by defining a threshold value of • -• m 1-2eV. When g >> •, the electrons can jump over the vibrational barrier without losing energy and can thus be accelerated to ionizing energies.
